The newly engineered ternary CdZnS/ZnS colloidal quantum dots (CQDs) are found to exhibit remarkably high photoluminescence quantum yield and excellent optical gain properties. However, the underlying mechanisms, which could offer the guidelines for devising CQDs for optimized photonic devices, remain undisclosed. In this work, through comprehensive steady-state and time-resolved spectroscopy studies on a series of CdZnS-based CQDs, we unambiguously clarify that CdZnS-based CQDs are inherently superior optical gain media in the blue spectral range due to the slow Auger process and that the ultralow threshold stimulated emission is enabled by surface/interface engineering. Furthermore, external cavity-free high-Q quasitoroid microlasers were produced from self-assembly of CdZnS/ZnS CQDs by facile inkjet printing technique. Detailed spectroscopy analysis confirms the whispering gallery mode lasing mechanism of the quasitoroid microlasers. This tempting microlaser fabrication method should be applicable to other solution-processed gain materials, which could trigger broad research interests.
Introduction
By virtue of the quantum confinement effect and solution processibility, colloidal quantum dots (CQDs) promise the most cost-effective photonic devices including lightemitting diodes (LEDs) and lasers covering the full visible spectral range [1] [2] [3] . However, the performance of blue CQD devices is always inferior to green and red counterparts due to the lack of applicable blue-emitting CQDs. Fabrication of blue binary CdSe-based CQDs with high photoluminescence quantum yield (PL QY) is not as facile as for red ones [4] . Furthermore, the reduced dot size of blue-emitting CdSe-based CQDs results in a much faster nonradiative Auger recombination (AR) rate under high excitation intensities [5] [6] [7] , plaguing their optical gain in blue spectral range. Consequently, exploring suitable blue-emitting CQDs alternative to CdSe-based ones becomes imperative in view of developing efficient blue and full-visible color LEDs and lasers. Strikingly, the newly engineered ternary CdZnS/ZnS alloyed-core/shell CQDs gain properties of CQDs [8] . The combination of the intrinsic superb gain property of ternary alloy CdZnS-based CQDs and the interface-alloying effect leads to the ultralow threshold stimulated emission from CdZnS/ZnS AS CQDs. Furthermore, leveraging on these optimized CdZnS/ZnS AS CQDs, we, for the first time, achieved three-photonpumped stimulated emission from CQDs in the blue spectral range.
Up till now, CQD-based lasers are typically fabricated by doping CQDs into or coating onto different kinds of external resonators [2, 6, [11] [12] [13] , and only a few external cavity-free CQD lasers [14] [15] [16] , in which the CQDs behave as both the gain media and the resonator [17] , have been reported. Herein, we realized external cavity-free high-Q quasitoroid microlasers from self-assembly of CdZnS/ZnS AS CQDs by a facile one-step inkjet printing method [18] , where the optical feedback is provided by the total internal reflection occurring at the surface of the ring wall formed by the coffee-stain effect [19] . This attractive microlaser fabrication method should be applicable to other solutionprocessed gain materials, which will draw widespread research attention. Overall, our results shed light on designing high-quality CQDs for low-threshold lasers and present a novel tempting fabrication method towards fascinating CQD lasers, besides providing the insightful physical mechanisms.
Experimental materials and methods
CdZnS core, CdZnS/ZnS SS and CdZnS/ZnS AS CQDs are fabricated using a one-pot method [8, 9] . To produce CdZnS/ZnS SS CQDs, limited shell formation time (20 min) is allowed following second injection of the sulfur precursor. In contrast, to produce CdZnS/ZnS AS CQDs, an additional high temperature (310°C) annealing process is applied. In brief, the solution of cadmium and zinc oleate was first acquired from a stirring mixture of 128.4 mg (1 mmol) of cadmium oxide, 1.8349 g (10 mmol) of zinc acetate and 9.5 mL (30 mmol) of oleic acid, which were heated to 150°C under vacuum in a 3-necked 50 mL round-bottom flask. Subsequently, 12.5 mL noncoordinating solvent of octadecene (ODE) was added and the air as well as the moisture were removed. Then, the solution was heated to 310°C under inert gas, and 51.3 mg (1.6 mmol) of sulfur powder predissolved in 2.4 mL of ODE was swiftly injected into the hot solution to initiate the nucleation. The reaction was held for 12 min before cooling to a temperature of ß70°C. To fabricate CdZnS/ZnS SS CQDs, 128.3 mg (4 mmol) of sulfur powder predissolved in 5 mL of oleic acid was injected in a dropwise manner into the flask to grow ZnS shell. The reaction was held for 20 min followed by rapid cooling to a temperature ß70°C. To fabricate CdZnS/ZnS AS CQDs, the ZnS shell was grown on by the same procedures as for CdZnS/ZnS SS CQDs but with a further annealing process for 3 h at 310°C. All these nanocrystals were purified by repeated acetone/methanol precipitation and toluene redispersion, and the final CQDs solutions was kept at 4°C in the dark until further use.
For the time-resolved PL measurements, the CQDs solution filled in quartz cuvettes with a thickness of 1 mm was excited at 400 nm. The pulse-width and repetition rate are 100 fs and 1000 Hz, respectively. The PL signals were recorded by an Optronis streak camera with a temporal resolution of ß50 ps. For the stimulated emission investigation, a femtosecond amplified laser system with wavelength tunable from 260 to 2600 nm was employed as the excitation source. The laser beam was focused by a cylinder lens (focus length: 75 mm) onto the samples with dimensions of ß100 μm × 5 mm. The PL signals from the edge of the samples are dispersed by a 320-mm monochromator and detected by a silicon charged coupled device (CCD). In doing micro-PL (μ-PL) measurements, the laser beam offering laser pulses with an optical wavelength of 400 nm, pulse-width of 5 ns and repetition rate of 20 Hz was guided and focused to an elliptical spot with dimensions of ß300 × 400 μm 2 , and the emission signal was collected by a microscope objective (NA: 0.42, 50X) combined with suitable filters and detected by a silicon CCD.
Results and discussions

Steady-state and time-resolved spectroscopy on CdZnS core, CdZnS/ZnS SS and CdZnS/ZnS AS CQDs
The atomic percentages of Cd and Zn in CdZnS core were extracted by energy-dispersive X-ray (EDX) measurements as ß22% and ß28% (Fig. S1 ), respectively. To confirm the shell formation in CdZnS/ZnS SS CQDs and the interface alloying in CdZnS/ZnS AS CQDs during the annealing process, which are expected to influence the electronic structures and change the optical transition probability and energy, we carried out steady-state absorption and PL measurements for elucidation. Figure 1a shows the absorption spectra of CdZnS core, CdZnS/ZnS SS and CdZnS/ZnS AS CQDs in solution. The gradually increased absorption at higher energy of CdZnS/ZnS SS and CdZnS/ZnS AS CQDs with respect to CdZnS core originates from the absorption of the ZnS shell [4, 10] , which indicates the success in shell formation for CdZnS/ZnS SS CQDs and that the shell thickness grows during the annealing process. According to the transmission electron microscopy (TEM), the sizes of the CdZnS core, CdZnS/ZnS SS and CdZnS/ZnS AS CQDs are measured to be 6.8, 9.4 and 11.4 nm, which further confirms shell formation (ß4 monolayers of ZnS) [8] for CdZnS/ZnS SS CQDs and the increase of shell thickness for CdZnS/ZnS AS CQDs during the annealing process. It is worth noting that large shell thickness is always preferred in view of enhancing the photostability of CQDs. However, the PL QY tends to rapidly decrease with increase of shell thickness after certain value due to defect formation arising from the release of stress existing in core-shell interface [8, 20] , which, however, is opposite to our case (detailed discussion will be shown later). The zoom-in of absorption spectra (Fig. 1a, inset ) near the band edge reveals a blueshift of CdZnS/ZnS AS CQDs compared to CdZnS/ZnS SS CQDs. This result verifies the interdiffusion of the Zn ion in the shell and the Cd ion in the core during the annealing process [8, 10] , which is further evidenced by the high-resolution TEM measurements (Fig.  S2) , thus confirming the alloying of the interface [8, 10, 21] . The schematic structures of CdZnS core, CdZnS/ZnS SS and CdZnS/ZnS AS CQDs are portrayed in Fig. 1c . In addition, we observed the smearing out of the band-edge exciton absorption peak of CdZnS/ZnS SS and CdZnS/ZnS AS CQDs compared to CdZnS core, indicating the increased inhomogeneity in size or composition, which is consistent with the PL linewidth variation of the samples (14 nm, 21 nm and 19 nm for CdZnS core, CdZnS/ZnS SS and CdZnS/ZnS AS CQDs, respectively). Importantly, the PL QY increases from ß10% for CdZnS core to ß47% after shell formation and reaches ß90% for the exceptional large-sized CdZnS/ZnS AS CQDs with an effective shell thickness of ß7.5 monolayers of ZnS, which is in stark contrast to the conventional CQDs, such as CdSe/CdS CQDs, where the PL QY for those with such large shell thicknesses is usually quite low [20, 22] . It is known that generally the poor PL QY originates from nonradiative recombination associated with surface/interface defects [23] [24] [25] . In our case, the shell formation can effectively passivate the surface defects, thus increasing the PL QY. However, due to the lattice mismatch between the Cd-rich core and the ZnS shell, defects tend to form at the interface. During the annealing process, the sharp interface between the core and shell will get "soft" or alloyed owing to the interdiffusion of Zn ion. As a result, the interface defects could be released by the annealing process. To confirm the above explanation, temperature-dependent PL measurements were performed on our samples (Figs. 2a-c) . The integrated PL intensities as a function of temperature (10-300 K) are presented in Fig. 2d . It can be seen that the PL intensity of CdZnS cores decreases rapidly with increasing temperature, and it maintains only 8.5% of the initial (10 K) PL intensity at room temperature. In contrast, CdZnS/ZnS SS CQDs are able to maintain 36% of the initial PL intensity, and CdZnS/ZnS AS CQDs can sustain as much as 82%. It is well known that surface/interface defects can serve as the carrier trapping centers at higher temperatures, preventing the radiative recombination and reducing the PL intensity [26] . In turn, preservation of PL intensity with increased temperature suggests the reduction of surface/interface defects [6, 26] . The appearance of defect-state emission at ß620 nm for CdZnS core and that only band-edge emission was observed for CdZnS/ZnS SS and CdZnS/ZnS AS CQDs (see insets in Figs the suppression of the surface/interface defects. Noticeably, differing from the CdZnS core whose PL intensity shows a monotonic decrease with increasing temperature, the PL intensities of CdZnS/ZnS SS and CdZnS/ZnS AS CQDs display an antiquenching behavior at the beginning of the heating stage and subsequently start decreasing. This phenomenon can be attributed to the competition between the thermal release of shallowly localized carriers at the interfaces into the CdZnS core that contribute to the increase of the PL intensity and the carrier trapping by the residual deep-level surface/interface defects or the nonradiative thermal escape of carriers assisted by multiphonon [26, 27] . In addition, the PL intensity of CdZnS/ZnS SS CQDs increases faster and reaches its maximum earlier than that of CdZnS/ZnS AS CQDs (ß50 K and ß150 K for CdZnS/ZnS SS and CdZnS/ZnS AS CQDs, respectively), indicating that more excited carriers are localized at the surface/interface of CdZnS/ZnS SS CQDs and thus more surface/interface defects exist in CdZnS/ZnS SS CQDs [26] . In order to access the PL dynamics that would give more information about the photophysical properties of CQDs, we performed the time-resolved spectroscopy. Figure 3a presents the PL decay traces of our samples monitored at peak wavelengths under low excitation intensity (ß12 μJ/cm 2 ), corresponding to the single-exciton regime. Obviously, there is a rapid decay process for CdZnS core, which is ascribed to the carrier-trapping effect [22, 28] . This rapid process is suppressed dramatically in CdZnS/ZnS SS CQDs and is even undetectable in CdZnS/ZnS AS CQDs, again indicating that the shell formation can effectively passivate the surface defects and the annealing process could optimize it, which is consistent with the temperature-dependent PL investigation. Note that the high PL QY (ß90% for CdZnS/ZnS AS CQDs) indicates low optical loss, which is beneficial for the achievement of stimulated emission and lasing. 
Achieving ultralow threshold stimulated emission and unraveling the underlying mechanisms
Klimov and coworkers have demonstrated that the interfacial alloying could dramatically affect the multiexciton decay process or nonradiative AR for CdSe/CdS CQDs despite the fact that it has little influence on the singleexciton lifetime [21] . Naturally, we anticipate similar effect in our blue-emitting CdZnS/ZnS CQD system. Figures 3b and c illustrate the exciton dynamics of CdZnS/ZnS SS and CdZnS/ZnS AS CQDs under varied excitation intensities. An obvious fast decay process manifests with the increase of excitation intensities, which corresponds to the nonradiative AR [6, 22] . The Auger lifetime is derived to be ß320 ps for CdZnS/ZnS SS CQDs by adopting the subtraction procedure (inset of Fig. 3b) [21, 22] , while that for CdZnS/ZnS AS CQDs is determined to be ß650 ps (inset of Fig. 3c ), which is even longer than those of the red-emitting CQDs [21, 22] , indicating that the Auger process in CdZnS/ZnS CQDs can be controlled by interface manipulation. The much increased Auger lifetime of the CdZnS/ZnS AS CQDs compared to CdZnS/ZnS SS CQDs is mainly attributed to the gradient interface potential profile in CdZnS/ZnS AS CQDs due to the interface-alloying effect that will inhibit AR by more strict momentum conservations compared to the relatively steep interface potential existing in CdZnS/ZnS SS CQDs [29, 30] . The efficient carrier trapping in CdZnS core complicates the extraction of its Auger lifetime. Nevertheless, it is reasonable to assume that it has a similar AR rate to that of CdZnS/ZnS SS CQDs [31] . In fact, Auger lifetimes with a timescale of ß300 ps for CdZnS core and CdZnS/ZnS SS CQDs are already several tens of times longer than those of blue-emitting CdSe/ZnS CQDs. The inherent slow AR rate in CdZnS-based QDs stems from the large size of the CdZnS cores, leading to a reduced overlap between electron and hole wave functions compared to that in blue-emitting CdSe-based CQDs [5, 6, 31] . It is known that AR is the main optical loss under high excitation intensities, the intrinsic slow AR renders the CdZnS-based CQDs highly possible as the favored optical gain material in the blue spectral range, offsetting the shortage of CdSe-based CQDs. To investigate the stimulated emission properties of these CQDs, the close-packed films of these samples prepared by a spin-coating method were pumped using a stripe configuration [17] . A femtosecond amplified laser system offering laser pulses with a pulse-width of 100 fs, repetition rate of 1000 Hz and wavelength of 400 nm is employed as the pumping source. Figures 4a-c display the excitationintensity-dependent PL spectra of CdZnS core, CdZnS/ZnS SS and CdZnS/ZnS AS CQDs, respectively. It is found that all of the samples could show spectral narrowing at high excitation intensities and the excitation-intensity dependence of the integrated intensities over the sharp peaks exhibits a threshold behavior that clearly confirms the occurrence of stimulated emission [5] . The redshifted stimulated emission peak compared to the corresponding spontaneous emission peak consists with the biexcitonic gian mechanism in these CdZnS/ZnS CQDs [6] . Notably, the CdZnS core with PL QY of ß10% represents the poorest surface quality and efficient carrier trapping [5] . However, it is still able to develop stimulated emission thanks to the intrinsic slow AR, which implys that the carrier-trapping effect is not the fatal obstacle to achieve stimulated emission or lasing for CQDs because the defect states will saturate under high excitation intensities [5] . Following surface passivation by the ZnS shell, the threshold could be reduced to some extent due to the alleviated trapping loss. Surprisingly, the threshold abruptly decreases to ß55 μJ/cm 2 CQDs, which is one order of magnitude lower than that of a recent report from unconventional pyramid-shaped CdSe/ZnCdS CQDs and comparable to those of the best red ones [2, 10] . The dramatically decreased threshold could be attributed to the interface-alloying effect, which reduces the optical gain loss by both suppressed AR and the minimized surface/interface trapping considering that the absorbance of CdZnS/ZnS AS CQDs only slightly increases compared with that of CdZnS/ZnS SS CQDs at 400 nm (Fig. S3 ) [17, 32] . The thresholds of CdZnS core, CdZnS/ZnS SS and CdZnS/ZnS AS CQDs are measured for dozens of films and are found to be reproducible with slight fluctuation, as shown in Fig. 4d , confirming the superb optical gain performance of CdZnS/ZnS AS CQDs with alloyed interface. These results represent the first direct experimental evidence for minimizing the stimuated emission threshold of CQDs by surface/interface manipulation and unambiguously highlight the importance of surface/interface engineering for the manipulation of the gain properties of CQDs. Interestingly, as we keep increasing the excitation intensity after the development of stimultated emission from the 1S 3/2 -1S e optical transition, high-order multiexcitonic stimulated emission involving states of 1P e -1P 3/2 was observed from the CdZnS/ZnS AS CQDs with excitation intensity as low as 220 μJ/cm 2 ( Fig. 4e) , which is a direct reflection of slow AR in these CQDs. The simultaneous two-state stimulated emission spectra can be well reproduced by a Gaussian function with two peaks (Fig. 4f) , from which the energy separation between 1P 3/2 -1P e and 1S 3/2 -1S e transitions is extracted to be ß120 meV.
Three-photon-induced stimulated emission in blue region
Three-photon pumping is strongly preferred in certain fields, especially biophotonics research and applications, due to the near-infrared excitation wavelength and high spatial resolution [17, 33] . By engineering CdSe/CdS/ZnS core-multishell CQDs, we have demonstrated threephoton-excited stimulated emission in the red regime [17] . Nevertheless, extending the stimulated emission wavelengths by three-photon absorption down to blue is extremely difficult. To explore the possibility of threephoton-induced stimulated emission from the optimized CdZnS/ZnS AS CQDs, we employed the stripe pumping configuration as was similarly used in single-photon examination but with an excitation wavelength of 1200 nm that locates far away from its absorption edge. To confirm the three-photon absorption and emission process under an excitation wavelength of 1200 nm, we performed power-dependent PL measurement. The nearly cubic dependence of the integrated PL intensity on the excitation power (Fig. 5a) validates the three-photon absorption and emission process [17, 33] . As contrast experiments, we first investigated the possibility of three-photon-pumped stimulated emission from CdZnS core and CdZnS/ZnS SS CQDs. Neither of these two QDs was able to achieve stimulated emission before being damaged due to the insufficient optical robustness. While for CdZnS/ZnS AS CQDs, a sharp peak appears as the excitation intensity increases, similar to the case under one-photon pumping, indicating the achievement of frequency-upconverted stimulated emission (Fig. 5b) . The plot of the integrated PL intensity over the sharp peak wavelength range shows an abrupt increase at a certain point (Fig. 5b, right inset) , which unambiguously validates the development of three-photon-pumped stimulated emission from CdZnS/ZnS AS CQDs with a low threshold of ß16.0 mJ/cm 2 , which is comparable to that of the red-emitting CdSe/CdS/ZnS CQDs [17] . This result represents the first observation of stimulated emission in the blue region by simultaneous three-photon absorption and should be attributed to the suppressed AR and enhanced photostability for CdZnS/ZnS AS CQDs. The corresponding schematic stimulated emission process under three-photon pumping is depicted in the left inset of Fig. 5b. 
High-Q quasitoroid microlasers by inkjet-printing technique
Toroid lasers have attracted a great deal of attention thanks to the high Q-factor and small mode volume [18, 34] , but they suffer from the complex and costly fabrication processes [18, 34] . Herein, we realized an external cavity-free quasitoroid microlaser from self-assembly of CdZnS/ZnS AS CQDs by a facile one-step inkjet printing method. To this end, the CQDs solution with a concentration of ß5 mg/mL was loaded into the inkjet nozzle by capillary force, then, the CQDs droplets were deposited onto the distributed Bragg reflector (DBR) substrate by the microplotter. The DBR substrate was fabricated by alternatively depositing 27 pairs of SiO 2 and TiO 2 layers on glass plate via electron beam evaporation, the transmission spectrum of the DBR substrate is presented in Fig. S4 . After the evaporation of solvent, CQDs disks could be obtained, as is schematically illustrated in Fig. 6a . The position of the disks can be well controlled by the microplotter system and the sizes of the disks can be tuned by changing the inkjet nozzle outlet size (Fig. S5) . Figure 6b shows the optical image of a typical array of CQDs disks of ß80 μm in diameter. Due to the coffee-stain effect [19] , a ring wall is formed at the disk boundary, indicating a quasitoroid structure, which is well resolved by scanning electron microscopy (SEM) (Fig. 6c) . The morphology and the cross-sectional profile of the ring wall was further investigated by atomic force microscopy (AFM), revealing a well-defined border of the ring wall (Fig. S6 ). This toroid-like structure is known to be more favorable than the traditional flat disk due to the better optical field confinement [18, 35, 36] , hence a much higher Q-factor. Furthermore, the surface of the ring wall is found to be optically smooth ( Fig. 6d and Fig. S6 ), which could effectively alleviate the scattering loss [37] . The optical investigation of the individual quasitoroid was conducted by using a home-built μ-PL system [36] . Figure 6e presents the μ-PL spectra from a typical quasitoroid of ß80 μm (Fig. 6j) under various excitation energies. It is found that sharp discrete spikes with nearly equal interval (Figs. 6e and g), superimposing on the stimulated emission peak position, appear with the increase of the excitation energy, indicating the achievement of lasing action [17] . The plot of integrated PL intensity of the spikes as a function of excitation energy shows a nonlinear behavior (Fig. 6f) , validating the development of lasing action with low threshold of ß8.1 μJ/pulse or ß6.7 mJ/cm 2 [5] . The Q-factor of the quasitoroid microlaser is determined to be as high as ß2500 based on Q = λ/ λ [36] , where λ and λ are the wavelength and linewidth of the lasing peak, respectively, indicating the high quality of the quasitoroid microlaser. The ring-shaped emission pattern (Fig. 6h) above the lasing threshold consists of the conventional toroid lasing mechanism of whispering gallery mode (WGM) [38] . Based on the measured free spectral range (FSR) of the lasing spectra, the cavity length, L, can be derived, given by: FSR = λ 2 /nL, where n is the refractive index of the QD disk. Assuming n = 2 [39] , the cavity length is estimated to be ß251 μm,
